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Abstract – Soot models are key components of computation 
fluid dynamic combustion codes that attempt to prescribe how 
soot is formed. However, due to the complex nature of soot 
formation, not all pathways may have been fully characterized. 
This work investigates numerically the influence that an 
aliphatic-collision (open-chain hydrocarbon) based soot 
inception model has on soot formation for coflow ethylene/air 
and methane/air laminar diffusion flames. In the literature, 
prediction of the soot volume fraction along the centerline of 
coflow ethylene flames is lacking in accuracy. Similarly for 
methane flames, soot formation on the wings are under 
predicted by many models. A new collision based inception 
model has been developed for specific aliphatics, and applied 
using an existing framework for molecular collision, in 
conjunction with pyrene based inception. The purpose of this 
model is not to be completely fundamental in nature, but more 
so a proof of concept in that by using physically realistic 
values for surface reactivity and collision efficiency, this 
collision mechanism can account for soot formation 
deficiencies that exist with just polycyclic aromatic 
hydrocarbon (PAH) based inception. Using this new model, 
the peak soot volume fraction along the centerline of an 
ethylene flame can be increased while the peak soot volume 
fraction along the wings remains unchanged, showing 
potential to significantly improve the model’s predicative 
capability. Applying this model to a methane flame has 
resulted in an increase in the soot volume fraction in both the 
centerline and the wings, again improving predictive 
capability. 
I. INTRODUCTION 
Any form of hydrocarbon combustion leads to the generation 
of soot. These particles are hazardous to human health [1, 2] 
as well as dangerous for the environment [3-5]. Thus it is 
necessary that the characterization of soot formation be well 
understood in order to design more environmentally friendly 
combustion devices. Numerical combustion models require 
extensive knowledge of soot formation in order to obtain 
meaningful results. One of the advantages that numerical 
modelling can provide is that it allows researchers to test new 
theories at virtually no cost compared to experimental 
techniques.  
Soot formation is a complex process consisting of polycyclic 
aromatic hydrocarbon (PAH) gas-phase growth, particle 
nucleation, surface growth via surface reaction and PAH 
condensation, surface oxidation, particle coalescence, particle 
coagulation and fragmentation, gas-phase scrubbing, and 
radiation [6]. These pathways are widely considered by the 
scientific community to be the accepted routes of soot 
formation, however, due to its complex nature, other pathways 
may exist that have yet to be fully characterized. 
Soot models have been the subject of discussion for several 
decades and continue to improve to this day. The three 
classifications of models are empirical, semi-empirical, and 
predominantly fundamental models. Semi-empirical soot 
models [7, 8] may have a foundation in the physics behind 
soot formation, but lack the fundamental physics behind the 
problem as they rely on tunable parameters. Although these 
models may not accurately portray what is occurring inside of 
the flame, they do give insight as to which parameters may be 
correlated. They are an essential milestone towards the 
creation of a fundamental model.  
One such model is the Hydrogen-Abstraction-Carbon-
Addition (HACA) growth mechanism introduced by Frenklach 
and Wang [9]. This model traditionally uses surface reactivity 
(α) as a tunable constant or function for matching numerical 
peak soot predictions to experimental peaks [9]. Therein lies 
the issue that current soot models face, which is, although 
peak soot may be correctly predicted, other regions of the 
flame may not be correctly predicted through the same tuning 
of α. It has been postulated that the centerline of coflow 
laminar diffusion flames are dominated by inception whereas 
the wings are dominated by surface growth through the HACA 
mechanism [10]. By tuning α to experimental peaks, which 
occur along the wings, the prediction in the wings region may 
be corrected. However, many models do not have sufficient 
reaction chemistry or appropriate sub mechanisms to 
accurately capture the trends along the centerline, and tend to 
under predict soot formation in that region [11-14].  
Based on recent literature, soot is able to undergo mass growth 
in the absence of gas phase hydrogen atoms and nascent soot 
can be rich in aliphatic molecules in premixed flames [15]. 
This observation indicates that the HACA mechanism is not 
likely to be responsible for this growth. The HACA 
mechanism removes hydrogen from the surface of molecules 
meaning that gas phase hydrogen atoms would be present 
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whenever this mechanism is active. If the atoms are not 
present, another mechanism is responsible for this growth. It is 
proposed that aliphatic-collision based inception may have 
some influence on this soot mass growth. A semi-empirical 
model has been generated to investigate the impact that 
additional aliphatic collision based inception in the soot 
formation model would have on a variety of coflow laminar 
diffusion flames. More details on the physics and assumptions 
of the model will be explained in the following sections. The 
model is applied to both pure ethylene/air and methane/air 
laminar diffusion flames that use the same burner dimensions. 
Two parameters are key to this model which are the surface 
reactivity, α, and the collision efficiency, β. 
II. BURNER AND NUMERICAL MODEL 
CoFlame is the in-house FORTRAN code that this research 
implements, which was recently formalized and published in 
Eaves et al. [16]. The code has been parallelized to reduce 
computational cost and has been validated against ethylene/air 
and methane/air combustion [16]. The first flame that is 
simulated is a coflow ethylene/air laminar diffusion flame that 
was originally studied by Santoro et al. [17, 18]. In those 
works, Santoro and coworkers had conducted experiments for 
several flames, four of which were pure ethylene/air diffusion 
flames. Of those flames, the one of particular interest is the 
second non-smoking flame (NSII) due to its prevalence in the 
literature and abundance of experimental data [19-22]. The 
NSII has a fuel velocity of 3.98 cm/s and an air velocity of 8.9 
cm/s [18]. The burner consists of an 11.1 mm diameter inner 
fuel passage with a wall thickness of 1 mm surrounded by an 
outer air passage with a diameter of 101.6 mm [18]. The 
second flame that is modelled follows the work of Lee et al. 
[23], which uses the same burner as the Santoro flame, but 
methane instead of ethylene as the fuel. For the methane 
flame, the fuel velocity is 10.24 cm/s while the air velocity is 
11.94 cm/s [24]. The computational domain consists of a non-
uniform axisymmetric mesh of 384 CVs in the axial direction 
and 150 CVs in the radial direction for both of the modelled 
flames as the burner dimensions are the same. 
III. ALIPHATIC COLLISION MECHANISM 
For the mechanism, it is assumed that aliphatic molecules 
collide together and under the right conditions may stick 
together. These conditions are accounted for in the collision 
efficiency that is prescribed in the CoFlame code. This 
mechanism was developed to function in a similar manner to 
particle coalescence, which has been implemented in the 
CoFlame code and validated. The primary difference between 
this mechanism and particle coalescence being the specific 
molecules that are colliding and contributing to soot inception. 
Particle coalescence uses large PAHs for inception, such as 
Benzo-a-pyrene, whereas this mechanism uses specific 
aliphatic species for the same means. A value is given to the 
collision efficiency to indicate that only X in every Y 
collisions will result in effective sticking. For example, if the 
collision efficiency is set 0.01, this indicates that 1 in every 
100 collisions will result in sticking, and the other 99 will 
result in rebound. Once the molecules stick together, they are 
treated as an incipient soot particle. This in effect means that 
this mechanism is contributing to the inception of soot, in 
addition to traditional PAH routes. Furthermore, this collision 
efficiency is highly dependent on molecular dynamics. Each 
of the aliphatic molecules considered has a radius and a 
concentration. The size and concentration inherently have an 
influence on the soot mass growth as the number of collisions 
increases with an increase in either one of those two 
parameters. It is important to note that the purpose of this 
mechanism is to simply link the aliphatics in the gas phase to 
the incipient solid soot phase, so as to assess their potential 
impact on soot mass growth and spatial distribution.  The rate 
of inception is calculated according to kinetic theory: 
               ∂N/∂t = β√[(8πkBT)/µAB](rA + rB)2AV2[A][B]         (1) 
where β is the collision efficiency, kB is the Boltzmann 
constant, AV is Avogadro’s number, µAB is the collisional 
reduced mass for the two colliding aliphatics, rA and rB are the 
radii of the two colliding aliphatics, and [A] and [B] are the 
concentrations of the two colliding aliphatics [25].   
The present study implements a 94 species mechanism, which 
models ethylene or methane combustion and PAH growth 
[16]. Some of the aliphatic species have been filtered out of 
use in the inception model based on their concentrations and 
carbon mass. Extremely low concentrations with low carbon 
mass such as CH2 have been removed from the proposed 
mechanism. The results of this analysis have determined that 
only 6 species of aliphatics are of particular interest in the 
present study. Those species are: CH4 (methane), C2H2 
(acetylene), C2H6 (ethane), C3H6 (propene), C4H6 (butyne), 
and lastly C3H8 (propane).  
While the present model does not represent the complete 
physics behind the problem, it can be used to determine the 
potential for mass transfer from the aliphatic gas phase to the 
soot solid phase. This strategy allows for analysis to be carried 
out, such that relationships can be made between the aliphatic 
species and soot mass growth. Adjusting the collision 
efficiency of aliphatics, and further adjustment to the soot 
surface reactivity parameter, as was done in [11] is a key 
component to this exercise. The present analysis has shown 
that the soot volume fraction, with respect to the proposed 
mechanism, can be tuned through the collision efficiency. 
Increasing the efficiency, leads to more soot growth whereas 
decreasing it has the opposite effect. Through this adjustment, 
it is hypothesized that the centerline soot volume fraction can 
be modified to better predict experimental values along the 
centerline of laminar diffusion flames. 
The surface reactivity is a value that ranges from 0 to 1 and is 
representative of the portion of a soot particle’s surface area 
that is available for chemical reaction. CoFlame allows for this 
surface reactivity to be modelled as either a constant or a 
function of temperature history. In the present study, it is taken 
as a constant value. This parameter is a factor in determining 
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HACA growth and oxidation. Decreasing the surface 
reactivity normally leads to a decrease in the soot volume 
fraction as the HACA mechanism’s contribution to surface 
growth decreases. Further adjustment of the surface reactivity, 
beyond what is already provided in literature [11, 26] comes in 
when a new growth mechanism is introduced into the 
numerical model as is the case in the present study. 
IV. RESULTS AND DISCUSSION 
The generation of the model was predicated on being able to 
observe a positive influence that aliphatic-collision based 
inception would have on soot formation along the centerline of 
a laminar diffusion flame. It was not clear a priori if drawing 
aliphatics out of the gas phase for soot inception would reduce 
the amount of carbon available for PAHs or HACA growth 
thereby reducing soot concentrations in some locations of the 
flame. In order for the model to have some significance it had 
to be able to increase the soot volume fraction along the 
centerline while the wings remained close to the experimental 
peaks for the NSII flame. If that condition could not have been 
met then the model would not have a positive correlation 
between aliphatic collision based inception and soot 
distribution.  
Figure 1 shows the predicted soot volume fraction along the 
pathline of maximum soot of the NSII flame as a function of 
height above the burner for varying collision efficiencies. The 
data are compared to a model without aliphatic inception and 
to experimental results. The solid horizontal line and gray 
band in Figure 1 at 9.7 ppm indicates the experimentally 
measured peak value and associated uncertainty. It can be seen 
from Figure 1 that the predictive capability along the wings of 
the flame is generally unaffected by the addition of aliphatic 
inception. Furthermore, only collision efficiencies less than 
1e-10 can lead to reasonable results. Adding aliphatic 
inception, however, shifts the location of peak soot formation 
to higher heights above the burner. 
 
Figure 1. Predicted soot volume fraction as a function of height above the 
burner for varying collision efficiencies from 1e-10 to 1e-13 with constant 
surface reactivity of 0.3 along the wings of the NSII flame. The results of a 
model without aliphatic inception with α=0.85 is shown alongside 
experimental results from [18]. The horizontal black line and gray band 
denote the experimentally measured peak. 
Figure 2 shows the predicted soot volume fraction along the 
centerline of the NSII flame as a function of height above the 
burner for the same varying collision efficiencies. Here too the 
data are compared to a model without aliphatic inception and 
to experimental results. Again, only collision efficiencies less 
than 1e-10 lead to physically realistic results. Otherwise, 
implementing aliphatic based inception results in only a 
modest increase of soot volume fraction along the flame 
centerline. These figures illustrate that when α is set to 0.3 and 
β is set to 1e-11 there is an increase in the soot volume 
fraction along the centerline while the wings remain close to 
the experimental peaks. The same upward peak shifting 
phenomenon can be observed along the centerline in Figure 2. 
Also, the results of varying the collision efficiency and surface 
reactivity show that for the NSII flame, α can be lowered to a 
more physically realistic [27] value in order to correctly 
predict the wings peak soot volume fraction. In order to obtain 
results close to the experimental peaks for the NSII flame 
using CoFlame without an aliphatic collision based inception 
model, α had to be set to 0.85. 
 
Figure 2. Predicted soot volume fraction as a function of height above the 
burner for varying collision efficiencies from 1e-10 to 1e-13 with a constant 
surface reactivity of 0.3 along the centerline of the NSII flame. The results of 
a model without aliphatic inception with α=0.85 is shown alongside 
experimental results from [18]. The horizontal black line and gray band 
denote the experimentally measured peak. 
Similarly, the predicted soot volume fraction of the methane 
flame as a function of height above the burner for varying 
collision efficiencies and surface reactivity compared to a 
model without aliphatic inception and experimental results is 
shown in Figures 3 and 4. The results along the wings are 
shown in Figure 3 of the methane flame while Figure 4 shows 
the data along the centerline. The methane flame serves as a 
good benchmark to test the aliphatic collision based inception 
model for several reasons. The first and foremost reason is that 
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methane flames are known to be dominated by inception over 
surface growth through the HACA mechanism as the 
concentration of acetylene throughout the flame is lower 
compared to ethylene combustion [12]. Since methane is a 
single carbon fuel, much less acetylene is formed when it is 
burned, leaving less opportunity to achieve accurate model 
predictions by refining HACA rates. Secondly, current soot 
models typically under predict the soot volume fraction along 
both the centerline and the wings in methane flames [12]. 
Using the same value for α and β as for the NSII flame that 
achieved the aforementioned condition, 0.3 and 1e-11 
respectively, resulted in the under prediction of the soot 
volume fraction in both the centerline and wings. In ethylene 
flames, the surface reactivity can compensate for deficiencies 
in the chemical kinetic mechanism [12]. However, since 
methane flames are less influenced by HACA growth, the 
deficiencies in the reaction scheme remain prevalent. The 
latest version of CoFlame has added reactions specifically for 
methane flames as detailed by Chernov et al. [12]. Although 
there is an improvement in the model’s predictive capability, 
increasing soot concentrations, even when the surface 
reactivity is set to its theoretical limit of unity, both regions of 
the flame remain under predicted. When the aliphatic collision 
based inception is applied with the same β of 1e-11 as before 
and α is increased to 1, the theoretical maximum, there is an 
increase in the soot volume fraction along both the centerline 
and wings. Once again, the same peak shifting phenomenon 
can be observed. The aliphatic collision based inception model 
is able to improve the comparisons to experimental data, but 
not rectify all remaining inaccuracies in the methane flame. 
 
Figure 3. Predicted soot volume fraction as a function of height above the 
burner for a model without aliphatic inception using α of 0.85 and 1.0 along 
the wings of the methane flame. The aliphatic inception model is shown using 
the same β as for the NSII, 1e-11. The experimental work of [20] is plotted. 
 
Figure 4. Predicted soot volume fraction as a function of height above the 
burner for a model without aliphatic inception using α of 0.85 and 1.0 along 
the centerline of the methane flame. The aliphatic inception model is shown 
using the same β as for the NSII, 1e-11. The experimental work of [20] is 
plotted. 
V. SUMMARY AND CONCLUSIONS 
A new collision based inception mechanism was developed 
using an existing framework for larger PAHs but applied to 
aliphatics. The aliphatic inception mechanism was combined 
with PAH inception and implemented in the CoFlame code. 
The influence that an aliphatic-collision based inception model 
would have on the soot volume fraction distribution for coflow 
ethylene/air and methane/air laminar diffusion flames was 
investigated. It was found that for the ethylene flame, a surface 
reactivity, α of 0.3 and a collision efficiency, β of 1e-11 
resulted in an increase in the peak soot volume fraction along 
the centerline, better predicting experimental values, while the 
predicted peak soot volume fraction along the wings was not 
degraded. For the methane flame, using the same β of 1e-11 
resulted in an increase in both the centerline and wings of the 
flame as compared to using the same α in a soot model 
without aliphatic-collision based inception. Future work 
remains to test the applicability of the model to other 
combustion systems, in particular those for which model 
predictions do not completely explain or characterize 
experimental data. 
 
To test the validity of the model further, the results will be 
expanded to other flame systems in order to ensure 
applicability to a wide variety of flames. The results of the 
mechanism need to be applied to the other pure ethylene/air 
diffusion flames studied by Santoro et al. [17, 18] to observe 
the effects this mechanism would have in those systems. The 
other ethylene flames suffer from the same predictive 
discrepancies as the NSII flame. A potential pathway of 
interest may also be to consider aliphatic molecule 
condensation and determine if it plays a significant role in soot 
formation. The current model acts as a proof of concept in that 
transfer of carbon mass from the aliphatic gas phase to soot 
particles seems to significantly improve the model’s predictive 
capability in the centerline region of the flames studied, 
without degrading the HACA growth dominated wings. 
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